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ABSTRACT: In nonaqueous enzymology, control of enzyme hydration is commonly
approached by fixing the thermodynamic water activity of the medium. In this work, we
present a strategy for evaluating the water activity in molecular dynamics simulations of
proteins in water/organic solvent mixtures. The method relies on determining the water
content of the bulk phase and uses a combination of Kirkwood−Buff theory and free
energy calculations to determine corresponding activity coefficients. We apply the
method in a molecular dynamics study of Candida antarctica lipase B in pure water and
the organic solvents methanol, tert-butyl alcohol, methyl tert-butyl ether, and hexane,
each mixture at five different water activities. It is shown that similar water activity yields
similar enzyme hydration in the different solvents. However, both solvent and water
activity are shown to have profound effects on enzyme structure and flexibility.
1. INTRODUCTION
Organic solvents are widely appreciated as reaction media for
enzyme catalysis1 and, for example, frequently employed for
increasing solubilities of substrate and products, shifting of
reaction equilibria toward products, and eliminating side
reactions with water. The solvent has profound effects on
several reaction parameters. Enzymatic activity is typically
several orders of magnitude lower in organic media, as
compared to in water. Activity depends on the nature of
organic solvents2 and has been shown to correlate with solvent
hydrophobicity measures, e.g., log P.3−5 The medium also
affects enzyme specificity.6,7 This has important implications,
since specificity can be a key property in biocatalysis. Enzyme
stability is as well medium-dependent, and in some organic
solvents, dramatically higher enzyme stability has been
observed at high temperature, as compared to in water.8 In
addition to the effects of organic solvent, enzyme hydration has
significant impact on catalytic properties.9 In particular,
enzymes are typically inactivated upon complete dehydration,
which has been ascribed to the fact that a layer of water
molecules at the enzyme surface is required for catalytic activity
to be retained in organic media.
The mechanisms underlying solvent and hydration effects on
enzyme activity are not yet fully understood, although several
hypotheses have been discussed in the literature. These can be
grouped in three major effects. First, the medium affects protein
flexibility which has been probed using electron spin
resonance10,11 and time-resolved fluoresence anisotropy.12 In
those studies, flexibility was correlated with activity, and it was
proposed that the water layer at the protein surface would act
as a lubricant promoting flexibility and thus activity. Second,
water and organic solvent molecules bind to the active site
acting as inhibitors.13−18 Third, organic media differ in their
ability to stabilize the strongly polar transition state.19,20 In
addition, medium effects on enzyme specificity have to some
extent been rationalized in terms of substrate solvation
thermodynamics.21−24
Interactions between protein, organic solvent, and hydration
layer are difficult to probe experimentally, and molecular
dynamics (MD) simulations have emerged as a useful
complement to experimental studies for understanding
molecular phenomena.25 Several computational studies have
investigated the effects of nonaqueous solvent and hydration
level on protein properties such as structure and dynamics.
Early studies showed that protein flexibility was lower in
organic solvents than in water, but revealed no significant
differences in backbone structure, possibly due to the limited
simulation lengths.26−33
More recent studies have recognized the role of hydration
and studied its effect on protein structure and flexibility. Yang
and co-workers carried out simulations of surfactant-solubilized
subtilisin BPN′ at different hydration levels and found no
significant effect.34 On the contrary, Soares and co-workers
performed simulations of Fusarium solani cutinase and found
that the mean-square deviation with respect to the crystal
structure had a “U”-shaped dependence on the hydration
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level35−37 and that cutinase flexibility increased with increasing
hydration. Similar observations were made by Diáz-Vergara and
Piñeiro38 who carried out simulations of Trypanosoma cruzi
triosephosphate isomerase in decane/water mixtures. Cruz and
co-workers also observed effects of different hydration levels in
simulations of subtilisin Carlsberg.39
Trodler and Pleiss40 carried out simulations of Candida
antarctica lipase B (CALB) in water and organic solvents to
correlate structure and flexibility with solvent properties. The
organic solvent simulations included the crystal water
molecules at the protein surface. An apparent correlation
between protein flexibility and solvent log P was found. The
authors suggested that in hydrophobic solvents, more immobile
water molecules would be present at the protein surface, which
in turn would restrict protein flexibility. The simulations
included the same number of water molecules in the different
organic solvent simulations. This resulted however in different
enzyme hydration as polar solvents strip water from the enzyme
surface as observed in several studies.34,37,39,40
Several authors have argued that hydration effects should be
studied in terms of thermodynamic water activities,41−46 since
the size of the hydration layer supposedly depends on the water
activity and only to a lesser extent on the organic solvent.42
Valivety and co-workers44 measured the activity of Mucor
miehei lipase as a function of water activity in nonpolar organic
solvents. The authors found a bell-shaped dependence with
maximum enzymatic activity obtained at a water activity of 0.55,
being independent of the solvent. Enzymatic activity was also
rather insensitive to the solvent, as long as the water activity
was kept at a fixed value. A follow-up study by Bell and co-
workers46 did however show that the choice of nonpolar vs
polar solvent had a significant impact on the catalytic activity at
fixed water activity due to interactions between enzyme and
solvent molecules.
It seems far preferable to compare solvents at constant water
activity. Since this has normally not been done, mechanistic
interpretation of literature data for low-water systems becomes
difficult. To our knowledge, there are no simulation studies of
enzymes in organic media in which the medium water activity is
considered explicitly. Branco and co-workers47 simulated CALB
in gaseous water/argon mixtures and evaluated water activity by
assuming ideality. This approach is not applicable in organic
solvents whose aqueous mixtures are nonideal.
The current study describes MD simulations of CALB in
water and four organic solvents, namely, methanol, tert-butyl
alcohol, methyl tert-butyl ether (MTBE), and hexane. The
solvents, except for methanol, are commonly used in
nonaqueous biocatalytic systems with CALB.48 Tertiary
alcohols are sometimes quoted as the preferred solvents since
CALB has been found to be especially stable in these
solvents.49−52 Calculations of substrate solvation thermody-
namics suggest that high conversion should be possible in
MTBE for some reactions. Methanol is not used as a solvent for
CALB as it has been observed to inactivate the enzyme.50,53 By
also considering methanol, the solvents studied cover a wide
range of water/solvent nonideality. Experiments have shown
that catalytic activity of CALB in organic media depends on the
water activity. Usually, the activity is maximal at very low water
activity,18,54−58 though a bell-shaped dependence is seen for
certain reactions.59,60 However, the effects of solvents and
changes in water activities are not fully understood on the
molecular scale. Therefore, we present an MD study to gain
further insight into the interplay among protein structure/
dynamics, protein hydration, and solvent properties. First, a
method is presented that allows determination of the bulk
water activity in MD simulations of proteins in nonaqueous
media. With the methodology in place, the effect of different
solvents and water activity on the structure and dynamics of
CALB is investigated.
2. METHODS
2.1. Molecular Dynamics Simulations. MD simulations
were carried out of CALB in hexane, MTBE, methanol, tert-
butyl alcohol, and pure water. For each of the four organic
solvents, simulations were carried out at five different hydration
levels corresponding to water activities in the range from 0 to 1
depending on the organic solvent (Table 1). Analyses focus on
structure and dynamics of both CALB and solvent species at
the protein surface.
The crystal structure coordinates of CALB were obtained
from the protein data bank.61 As several structures are available,
the best resolved one, PDB entry 1TCA,62 which has a
resolution of 1.55 Å, was used. The entry includes coordinates
Table 1. Simulations of CALB Listing Identifier (ID), Number of Water Molecules, Hydration Level, and Water Activity
hexane MTBE
ID no. watera hydrationb,c aw
c,d ID no. watera hydrationb,c aw
c,d
H43 43 42.922 0.021 E50 50 48.75 0.073
H87 87 85.34 0.041 E100 100 94.65 0.132
H171 171 1591 0.42 E171 171 1522 0.395
H335 335 259.45 1.02 E335 335 2493 1.11
H500 500 3303 e E500 500 3107 e
methanol tert-butyl alcohol
ID no. watera hydrationb,c aw
c,d ID no. watera hydrationb,c aw
c,d
M210 210 332 0.0381 T65 65 462 0.0244
M940 940 841 0.1774 T130 130 763 0.0686
M2500 2500 1721 0.4117 T210 210 984 0.141
M4200 4200 2552 0.5838 T700 700 1872 0.4577
M6135 6135 3263 0.7176 T2970 2970 3352 0.8746
aTotal number of water molecules in simulation box. bAverage number of water molecules within 3.5 Å of CALB. cSubscripts indicate uncertainty in
the last digit, estimated from three replica simulations of each CALB/organic solvent/water system. dDetermined from the simulations as explained
in the text. eCluster formation of water molecules in nonpolar solvent.
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for CALB and 286 crystal water molecules. For simulations
including fewer water molecules, those with the lowest B-
factors were retained. For simulations including 286 or more
water molecules, all crystal waters were retained, and additional
water molecules were introduced using VMD in combination
with the plug-in SOLVATE.63 For the organic solvent
simulations, the CALB−water complex was placed in a cubic
simulation cell containing organic solvent. The organic solvent
molecule coordinates were taken from the last frame of an MD
simulation of pure hexane, MTBE, methanol, or tert-butyl
alcohol of at least 500 ps. Solvent molecules closer than 2.5 Å
to the CALB/crystal water complex were removed. For the
simulations of CALB in pure water, the entire simulation box
was built using SOLVATE. The numbers of water molecules
included in each simulation are listed in Table 1. The
simulations of CALB carried out in pure water included 9500
water molecules. In all simulations, it was ensured that enough
solvent molecules were included in the simulation cell, such
that the protein did not interact with its periodic images.
For the water-miscible solvents methanol and tert-butyl
alcohol, the number of water molecules in each system was
selected in order to achieve water activities spanning the range
from 0 to 1. The number of water molecules required to attain
a given activity is not known a priori, since the molecules at
equilibrium are distributed over the bulk phase and the protein
surface, as discussed in section 3.1. The selection was therefore
guided by preliminarily performed CALB simulations and
activity calculations using UNIFAC.64 As will be shown in
section 3.1, the prepared systems span the activity range quite
well for all four organic solvents.
Like other lipases, CALB has a catalytic center with a trypsin-
like triad (Ser...His...acidic residue).65,66 The active site histidine
(His224) was defined as neutral with the proton placed on Nδ1,
allowing for the essential hydrogen bond with Asp187.
Asp134 was also defined as neutral, in accordance with the
suggestion of Uppenberg and co-workers.62 The pKa of Asp134
was estimated as 7.25 using PROPKA 2.0,67,68 which
furthermore supports the treatment of Asp134 as neutral.
Moreover, structural inspection revealed that the residues
Asp134, Thr40, Ser153, and Gln157 lie in a plane and their
orientation is stabilized by a hydrogen network: Thr40(Oγ1)−
Gln157(Nε2) (3.1 Å), Thr40(Oγ1)−Gln157(Oε1) (3.6 Å),
Asp134(Oδ2)−Gln157(Oε1) (2.6 Å), Ser153(O)−Gln157(Nε2)
(3.1 Å). The close distance between Asp134(Oδ2) and
Gln157(Oε1) suggests that Asp134 is protonated. The hydro-
gen network appears essential for the structure of the oxyanion
hole, in which the side chain of Thr40 participates. We also
investigated if rotation of Gln157 would support a charged
Asp134. However, reorientation of Gln157 will result in
unfavorable interactions between Ser153(O) and Thr40(Oγ1)
making this orientation unlikely.
All remaining Arg, Asp, Glu, and Lys residues were charged
according to their protonation state at pH 7 resulting in a total
protein charge of zero. The ionic strength was zero in all
simulations. The CHARMM27 force field69,70 was used to
model the protein, as well as hexane, methanol, and tert-butyl
alcohol molecules, while the CHARMM35 ether force field71
was used for MTBE. For water, the TIP3P model with flexible
bonds69 was employed. For tert-butyl alcohol and MTBE,
missing parameters for the tertiary C atoms were taken from
similar atom types and are listed in Tables S1−S5 (Supporting
Information).
The simulations were carried out in the NPT ensemble
(atom number, pressure, and temperature constant) using the
MD simulation program NAMD.72 The velocity Verlet
algorithm with a 1 fs step size was employed to integrate the
equations of motion. Lennard-Jones forces were evaluated
using a 12 Å cutoff in combination with a switching function
starting at 10 Å that ensures that the potential smoothly
approaches zero at 12 Å. Nonbonded forces were evaluated
using a pair list with an outer radius of 14 Å. Periodic boundary
conditions were employed in the x, y, and z directions, and
electrostatic forces were evaluated using the particle mesh
Ewald summation method with a grid spacing smaller than 1 Å.
Temperature and pressure were maintained at 323.15 K (50
°C) and 1 atm, respectively, using the Langevin thermostat with
a damping constant of 5 ps−1 and the Langevin piston with a
period of 200 fs and a decay constant of 500 fs. Coordinates
were saved every 500 fs.
Prior to simulation, a 500 step conjugate gradient
minimization of the configurational energy was carried out.
During minimization, the Cα atoms were constrained to their
crystal structure positions. The Cα atoms were constrained also
during the first nanosecond of simulation, which was followed
by another nanosecond run with the Cα atoms restrained by a
harmonic potential with a force constant of 1 kcal/mol/Å2.
This procedure allowed for relaxation of the solvent molecules
in contact with the protein surface. This was followed by
unconstrained simulation of 18 ns, of which the final 10 ns were
used for analysis.
Three replica simulations starting from different initial
velocities were carried out of each system in order to estimate
statistical uncertainties in the results. For the pure water system,
five such replica simulations were carried out.
2.2. Activity Coefficients for Binary Water/Organic
Solvent Mixtures. The water activity, aw, is given by aw =
γw(xw)xw, where γw(xw) denotes the water activity coefficient in
the binary water/organic solvent mixture at composition xw.
For MTBE and hexane, γw(xw) was approximated by γw
∞, which
is the activity coefficient of water at infinite dilution. This is
justified since all values of bulk xw in hexane and MTBE in this
study were less than 0.02.
Values for γw
∞ in the four organic solvents were determined
by an alchemical free energy perturbation approach,73 where a
single water molecule was built in a simulation cell containing
pure methanol (1000), tert-butyl alcohol (600), MTBE (500),
hexane (500), or water (999), where the number of molecules
in the simulation cell is given in parentheses. The systems were
equilibrated for at least 500 ps before the free energy
calculations were initiated. The simulations were carried out
with the interaction parameter λ set to 0, 0.05, 0.1, ..., 0.95,
0.975, 0.99, 0.999, and 1. Lennard-Jones interactions were
gradually decoupled as λ changed from 0 to 1, employing soft
core scaling74 with a shift parameter of 5 Å2. Electrostatic
interactions were gradually decoupled as λ changed from 0 to
0.5. At each λ value, the system was equilibrated for 10 ps, and
the production periods were 400 ps when λ < 0.5 and 200 ps
when λ ≥ 0.5. For each system, two simulations which were
carried out with λ either increasing or decreasing were
consistent within the statistical uncertainties. The simulations
yielded the Gibbs energy ΔGsolv for introducing a water
molecule in the different solvents. The activity can be expressed
The Journal of Physical Chemistry B Article
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via the difference in water chemical potential in mixture, μw,
and in pure water, μw
o , as
γ = μ − μ
= Δ − Δ +
ρ
ρ
k T x
G G k T
ln
ln
B w w w w
o
solv water B
w
w
o
(1)
where kB, T, ρw, and ρw
o respectively denote Boltzmann
constant, temperature, and water density in a mixture and in
pure water. In the second equality, Widom’s expression for the
chemical potential75 is employed. In the limit as xw → 0, eq 1
becomes
γ = Δ − Δ +
ρ
ρ
∞ G G
k T
ln lnw
solv water
B
solv
o
w
o
(2)
Calculated values of ln γw
∞ are listed in Table 2.
For methanol and tert-butyl alcohol, values of ln γw for
nondilute mixtures were obtained by employing an excess
Gibbs energy (GE) model for the corresponding binary mixture.
The GE models were obtained using a fluctuation solution
theory76,77approach to analyze MD simulations of the water/
methanol and water/tert-butyl alcohol mixtures as described
previously.78−84 In this approach, the binary mixtures were
simulated at a few compositions, and the pair radial distribution
functions, gij(r), where ij denotes the molecular pair, were
calculated. The total correlation function integrals, Hij, which
are defined by
∫= ρ −∞H r g r r( ( ) 1) dij ij0
2
(3)
were obtained by integrating the radial distribution functions.
We have previously developed a computational method for
extending radial distribution functions from simulations to
infinite spatial separation and demonstrated that the accuracy of
the obtained integrals improves significantly when compared to
other methods.82−84 From the evaluated total correlation
function integrals, composition derivatives of the activity
coefficients, (∂ln γ1/∂x1)N2,T,P, were calculated. The derivatives
were smoothed using the modified Margules model for GE,
using an objective function described previously78 and
including the values of γw
∞ calculated by free energy
perturbation. The regressed curves and parameters are provided
in the Supporting Information and respectively shown in Figure
S1 and listed in Table S6.
3. RESULTS
3.1. Bulk Water Concentration and Activity. The
number of water molecules whose O atom is within 3.5 Å of
any non-hydrogen atom of CALB defines here the hydration
level. The distance corresponds approximately to the first
minimum of radial distribution functions of water molecules
around solvent-exposed protein residues.85 In methanol and
tert-butyl alcohol simulations, the hydration level decreased
initially and stabilized at an approximately constant level
(Figure 1), as the molecules of the water shell around CALB
mixed with the bulk solvent. A constant level was reached after
approximately 4 and 10 ns for simulations carried out in
methanol and tert-butyl alcohol, respectively. In hexane and
MTBE, essentially all water molecules remained near the
protein surface (Figure 1). Only a few water molecules were
seen to escape from the hydration layer around the protein and
diffuse through the bulk medium. For the pure water
simulations, the hydration level increased slightly in the
beginning but reached a constant level after 4 ns (Figure 1),
which is consistent with an initial increase in solvent-accessible
surface area (discussed in Section 3.4).
In order to quantify the distribution of water in the systems,
the simulation cell was divided into a “bulk” region and a
“protein vicinity” region, which will be referred to as region I
and II, respectively (Figure 2). A water or organic solvent
molecule was defined to be in region I when its distance to the
protein surface was greater than a selected boundary distance
Rbound. Likewise, the molecule was by definition in region II
when its distance to the protein surface was smaller than Rbound.
For a water molecule, the distance to the protein surface was
defined as the distance from the O atom to the closest non-
hydrogen atom of the protein. For methanol, the distance was
Table 2. Density, ln γw
∞, and Viscosity for the Studied
Solvents
density (mol/
dm3) ln γw
∞
viscosity (10−3
Pa·s)
solvent MDa
exp.b
[88] MDa
UNIFACc
[64] exp.b [88]
hexane 6.92 7.61 8.826 6.7 0.29
methanol 23.3 24.6 0.489 0.5 0.54
MTBE 8.04 8.35 4.828 2.5 0.33
tert-butyl
alcohol
10.8 10.6 1.52 1.3 4.57
water 56.5 55.3 − − 0.91
aSimulation value obtained in present work, subscripts indicating
uncertainty in last digit. bExperimental values measured at 298 K taken
from the DIPPR database.88 cUNIFAC64 predictions at 323 K.
Figure 1. Hydration level vs simulation time for simulations of the
systems W (water; solid), H500 (hexane; long-dashed), E335 (MTBE;
short-dashed), T210 (tert-butyl alcohol; dotted), and M210
(methanol; dash-dotted). The curves correspond to individual
simulations.
Figure 2. Illustration of how the simulation cell is divided into a bulk
region (I) and a protein vicinity region (II).
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measured from the C atom, and for MTBE and tert-butyl
alcohol, the tertiary C atom was used. For hexane, one of the
two C atoms in the middle of the chain was used consistently.
In order to find appropriate values of Rbound, the average
fraction of water molecules was evaluated as a function of the
distance r to the protein surface according to
= ⟨ ⟩
⟨ ⟩ + ⟨ ⟩
x r
N r
N r N r
( )
( )
( ) ( )w
w
w s (4)
where Nw(r) and Ns(r) denote respectively the number of
water and organic solvent molecules with a distance to the
protein surface (as defined above) between r − 0.25 Å and r +
0.25 Å, and where ⟨...⟩ denotes average over time and the three
replica simulations of each system. The calculation was carried
out for representative systems including those with the highest
and lowest water content for each organic solvent. The
functions xw(r) varied when r was small but approached fairly
constant values as r increased, as shown for a representative
system in Figure 3a. For simplicity, a single value of Rbound = 10
Å was used for all simulations carried out in methanol, tert-butyl
alcohol, and MTBE. In some systems, xw(r) had minor
variations also for r > 10 Å. These were however unimportant
for the calculation of the bulk water fraction, xw; attempting
larger values of Rbound changed xw by at most a few percent,
which was within the statistical uncertainties.
For hexane, Rbound was selected carefully for each system in
order to improve statistical precision of the xw estimates. This
was accomplished by evaluating xw as a function of Rbound along
with standard error estimates based on the three replica
simulations of each system. From this function, a region was
identified where the variation of xw was small compared with
the corresponding standard errors, as exemplified in Figure 3b.
The smallest value of Rbound of this region was used for the final
evaluation of the bulk water fraction. This procedure resulted in
values in the range 4.8−10 Å, where the value of Rbound
increased with the system water content.
The water activities were determined using the activity
coefficients obtained as described in section 2.2, and activities
are listed in Table 1. For H500 and E500, the calculated values
of aw significantly exceed unity, which appears anomalistic.
However, in those systems, clusters of water molecules were
observed in the bulk region, which suggests that the medium
was oversaturated with water and thus perhaps not a one-phase
solution at equilibrium. Corresponding calculated values of aw
are thus not reported in Table 1. In the following analysis, we
assume that the true aw of H500 and E500 was very close to
unity.
3.2. Water Adsorption at the CALB Surface. Water
adsorption isotherms for CALB in the different solvents are
shown in Figure 4a−b. The hydration level quantifies the
amount of adsorbed water. With the bulk water fraction, xw,
used to quantify the bulk water content (Figure 4a), the
solvents give rise to four different isotherms. At similar
hydration levels, xw correlated with solvent polarity, which is
consistent with previous simulation results.34,37,40 If the bulk
water content instead is shown in terms of the bulk water
activity, aw (Figure 4b and Table 1), the isotherm is less
sensitive to the nature of the organic solvent.
Qualitatively the isotherms are similar to experimental
ones;42,45,86 a steep increase at low aw followed by a slow
increase at medium aw, and again a steep increase at high aw
(Figure 4b). This three-step behavior is most pronounced in
hexane and MTBE while the isotherm in methanol seems to be
convex over the entire range. The isotherm in tert-butyl alcohol
is in between the ones in hexane and methanol.
It is striking that at low aw, the data points of Figure 4b are
scattered with no apparent trend, while at high aw, the
isotherms of MTBE and hexane lie clearly to the right of those
of methanol and tert-butyl alcohol. Competition between water
and organic solvent molecules for adsorbing to the surface of
CALB may account for such differences. At low aw, water
Figure 3. (a) Function xw(r) evaluated using a shell thickness of 0.5 Å
for the system T2970. (b) Calculated bulk water fraction as a function
of the parameter Rbound for the system H210. The finally selected value
of Rbound is indicated. The curves in (a) and (b) are averages over three
replica simulations, and standard error estimates are shown for
selected values of r or Rbound.
Figure 4. Hydration level of CALB vs (a) bulk water fraction and (b)
bulk water activity. Results are shown for the methanol (+), tert-butyl
alcohol (×), MTBE (□), and hexane (△). Uncertainties are shown in
the x-values, while those in the y-values are too small to be displayed.
Data points are joined by lines to guide the eye.
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adsorption occurs mainly at hydrophilic sites,35,37,47 and polar
solvent molecules may replace water at such sites and result in
lower hydration levels. At high aw, competition for adsorption
to the hydrophobic surface may be more relevant as most
hydrophilic sites are occupied. Nonpolar organic molecules may
be more competitive for binding in this region. The results may
also be distorted by the apparently large uncertainties in activity
estimates, in particular for hexane and MTBE (Table 1).
Differences between adsorption isotherms in different solvents
at high aw have been observed in experiments performed on
bovine serum albumin, lactoglobulin, chymotrypsinogen, and
alcohol oxidase.42 The authors observed higher adsorption
levels in nonpolar solvents.
The differences between isotherms in the different solvents
discussed above are relatively small and often explained by
uncertainty in the activity estimates. Hence, fixing aw yields
hydration levels approximately independent of solvent. This is
consistent with water adsorption isotherms observed in
experiments42 and validates the common assumption that the
hydration level can be controlled in experiments by controlling
the water activity.45 Thus, macroscopic hydration levels are
similar when water activity varies. However, there are subtle
differences in what could be termed microscopic hydration
from solvent to solvent, that is, in the distributions of adsorbed
water over the surface and in the residence times of water
molecules.
To further quantify the role of water molecules, a water
cluster analysis was performed. Clusters were identified by
joining water molecules with an O−O distance less than 3.5 Å.
Clusters originating from water molecules in the first solvation
shell of CALB were counted. These clusters contain at least one
water molecule in contact with the protein but may as well
contain water molecules outside the first solvation shell. The
average number of such clusters is shown in Figure 5. A bell-
shaped dependence on the water activity was obtained, with a
maximum attained at around 0.4−0.5. The bell shape suggests
that at low aw, individual water molecules or small water
clusters bind to specific sites on the protein surface. As aw
increases, the number of clusters at the surface increases until
the clusters start to percolate at an aw of 0.4−0.5. This is similar
to adsorption isotherms for CALB in the gas phase extracted
from simulations and determined in experiments.47
While all four organic solvents yielded bell-shaped curves
attaining the maximum at roughly the same hydration level, the
maximum number of clusters was different. This number was
∼100 for methanol, ∼80 for tert-butyl alcohol, and ∼60 for
hexane and MTBE. The decrease in cluster size at fixed water
activity with polarity reflects that the surface water molecules
were organized in fewer and consequently larger clusters in
nonpolar solvents (Figure 5). Hence, the adsorption was more
cooperative in nonpolar solvents. Figure 5 shows also that the
number of water clusters drops faster with aw in methanol and
tert-butyl alcohol than in MTBE and hexane, once the
maximum has been passed. This may be attributed to the fact
that in the polar solvents more water molecules are present
beyond the first solvation shell at similar aw, which results in a
higher degree of percolation.
3.3. Solvent Molecule Dynamics. It has been observed
that the dynamic properties of the hydration layer are of
importance for protein dynamics. For instance, Trodler and
Pleiss40 found that protein flexibility anticorrelated with the
number of immobile water molecules at the surface. In the
present study, solvent molecule dynamics is assessed by
computing their mean residence times at the CALB surface.
The definition of residence time used follows that of Makarov
et al.87 and Schröder et al.85 in which one considers the binary
function χi,α(t) where i and α denote a particular solvent
molecule and protein residue, respectively, and where t denotes
the time. The function is unity when the solvent molecule is
within a cutoff distance from the residue, and zero otherwise.
The analyses were carried out for water and organic solvent
molecules. A 3.5 Å cutoff was used for water molecules
measured from the water oxygen atom to the closest non-
hydrogen atom of a particular residue. For organic solvent
molecules, the cutoff distance was measured from the “central”
C atom (see section 3.1). A 6.5 Å cutoff was applied, since
radial distribution functions for tert-butyl alcohol, MTBE, and
hexane around protein residues had their first minima
approximately at this distance (data not shown). The same
cutoff was for simplicity employed for methanol although the
corresponding radial distribution functions had their first
minima at approximately 5 Å. The autocorrelation function
ρα(t) for the sequence χi,α(t) corresponding to the residue α
was evaluated for t ≤ 2.5 ns for all residues α being at least 25%
exposed to the solvent, as indicated by the average solvent-
accessible surface area (see section 3.4 for details). The overall
autocorrelation function ρ(t) for adsorbed solvent molecules
was calculated as the average ρα(t) over all considered residues,
and the biexponential model of Makarov et al.87 was fitted to
the function ρ(t). The model, which reproduced the sampled
ρ(t) well, is defined by
ρ = +‐
− −t a a( ) e ek t k tbi exp 1 21 2 (5)
where a1, a2, k1, and k2 are adjustable parameters. τ1 ≡ k1−1 and
τ2 ≡ k2−1 are the residence times of respectively slowly and
rapidly exchanged solvent molecules. The relative populations
of slowly and rapidly exchanged water molecules, Pslow and
Prapid, can be estimated from the relative magnitudes of a1 and
a2.
87
In the pure water simulations, the values τ1 = 0.6 ± 0.2 ns, τ2
= 40 ± 5 ps, and Pslow = 14.1 ± 0.8% were obtained. In organic
solvent, τ1 decreased with increasing water activity and
approached the pure water value at high aw (Figure 6a). τ2
followed the same trend (data not shown). The shortest
residence times (τ1 and τ2) were obtained in methanol.
Residence times obtained in tert-butyl alcohol, MTBE, and
hexane did not differ significantly from one another. Since
Figure 5. Average number of water clusters originating from the
surface of CALB vs water activity. Results are shown for methanol (+),
tert-butyl alcohol (×), MTBE (□), and hexane (△). Data points are
connected by lines to guide the eye, and error bars are suppressed as
they are smaller than the symbols.
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water molecules interact more favorably with polar solvents like
methanol, the corresponding short residence times may be
expected. In simulations of cutinase by Micaelo and Soares,37
residence times correlated negatively with hydration level,
which is consistent with the present results. In their study,
residence times correlated as well negatively with solvent
polarity. This is only partially the case here since rather similar
results were obtained in tert-butyl alcohol, MTBE, and hexane.
The fraction Pslow also decreased with increasing water
activity (Figure 6b). The lowest values of Pslow were obtained in
methanol. Values obtained in tert-butyl alcohol, MTBE, and
hexane were higher and not significantly different from one
another. Pslow approached 40% in methanol at low aw, while it
approached a value of 75−90% in the other solvents. Higher
percentages of loosely bound water are expected in methanol,
since methanol/water mixtures contain more water molecules
than the nonpolar solvents when the bulk aw are similar, as
shown in section 3.2. The results demonstrate that the
dynamical properties of the surface water depend on the
water activity as well as the organic solvent.
In Figure 7a and b, the residence times of organic solvent
molecules are compared at different water activities. For
methanol, MTBE, and hexane molecules, the residence times
were nearly independent of aw. τ1 was around 1−2 ns for
methanol and MTBE, and τ2 was 1 order of magnitude lower
than τ1 (results for τ2 not shown). The fraction of slowly
exchanged molecules Pslow was around 25 and 38% for
methanol and MTBE molecules, respectively, and approx-
imately independent of aw (Figure 7b). The residence times of
hexane molecules were consistently shorter and also rather
insensitive to aw. These short residence times were probably
due to the fact that hexane is lacking a polar group and
therefore cannot associate to the polar portion of the protein
surface. For tert-butyl alcohol molecules, both τ1 and τ2
decreased with increasing aw (Figure 7a). At low aw, τ1 and
τ2 were 5.7 and 0.36 ns, respectively, which is significantly
higher than the values obtained in the other solvents. For tert-
butyl alcohol, Pslow was 79% at the lowest water activity and
decreased with increasing aw.
The residence times in tert-butyl alcohol are substantially
longer than in the other solvents. Possibly, this is caused by the
relatively high viscosity of tert-butyl alcohol, which is 1 order of
magnitude higher than that of the other solvents. This is shown
in Table 2 which lists viscosities taken from the DIPPR
database.88
The results demonstrate that direct interactions between
CALB and organic solvent molecules can be different for
different solvents. These interactions may be modulated by the
water activity, as here was the case for tert-butyl alcohol, and
will depend on the protein surface characteristics (polar vs
nonpolar).
3.4. CALB Structure. The root-mean-square deviation
(rmsd) of CALB Cα atoms with respect to the crystal structure
coordinates (1TCA) was monitored for each simulation. The
N- and C terminals (residues 1−20 and 308−317, respectively)
were omitted from all rmsd calculations due to their flexibility.
For a few simulations, additional flexible regions were omitted
from the calculation. Depending on the simulation, these
regions were the loops composed of residues 23−32 or 67−75,
the helix α5 and adjacent loop segment (residues 138−152),
and the helix α10 with preceding loop (residues 243−292;
Figure 8). This analysis was carried out for all simulations, and
stable rmsd curves were obtained in each case. Representative
rmsd plots are shown in Figure S2 (Supporting Information).
Figure 9 shows the total rmsd averaged over the last 10 ns of
the simulation. In the polar solvents and as well in MTBE, the
rmsd was generally lower than in pure water (indicated by the
horizontal lines). In tert-butyl alcohol, the rmsd increased with
increasing water activity. The lowest average rmsd value (0.99
± 0.02 Å) was observed at low aw. The same trend was
observed in methanol, but with a smaller slope and with
Figure 6. (a) Residence times (τ1) and (b) population of slowly
exchanged water molecules vs water activity in methanol (+), tert-butyl
alcohol (×), MTBE (□), and hexane (△). Standard error estimates
were based on three replica simulations which were started from
different initial velocities, and data points are joined by lines to guide
the eye.
Figure 7. (a) Residence times (τ1) and (b) population of slowly
exchanged organic molecules vs water activity in methanol (+), tert-
butyl alcohol (×), MTBE (□), and hexane (△). Standard error
estimates were based on three replica simulations which were started
from different initial velocities, and data points are joined by lines to
guide the eye.
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generally higher rmsd values. For both MTBE and hexane, the
average rmsd seemed to have U-shaped dependence on aw with
a minimum somewhere between 0.4 and 1. This was especially
pronounced in hexane, where the rmsd became as high as 1.94
± 0.03 Å at low water activity. The results are qualitatively
similar to the corresponding results for cutinase reported by
Micaelo and Soares.37 In that study, the minimum rmsd was in
hexane attained at a hydration level of 7.5% (w/w). The
minima observed here for CALB in MTBE and hexane (Figure
9) correspond to a hydration level of 10−15% (w/w).
Average rmsd per residue data were calculated from the final
10 ns of each simulation. The results are briefly summarized
below. For most individual residues and secondary structure
elements, the rmsd seemed to be uncorrelated with solvent and
water activity (data not shown). The active site, defined as the
residues within 5 Å of the catalytic Ser105 in the crystal
structure, was well preserved in all simulations with average
rmsd values of 0.4−0.8 Å. The regions for which the local rmsd
for some system exceeded 2 Å were a loop composed of
residues 23−32, the helix α5 (residues 138−152), another loop
composed of residues 243−267, and the helix α10 (268−287;
Figure 8). These regions are further discussed in the section S1
“CALB Structure−Average RMSD per Residue” in the
Supporting Information.
The average solvent-accessible surface area (SASA) of CALB
was evaluated based on the final 10 ns of each simulation, using
VMD.63 Only non-hydrogen CALB atoms were considered,
and a ball radius of 1.4 Å, roughly corresponding to the radius
of a water molecule, was used. The average total SASA of
CALB is shown in Figure 10. For all solvents except methanol,
the SASA clearly increased with increasing water activity. At a
fixed aw, the values obtained in the different solvents were
correlated with increasing solvent polarity, and the SASA was
generally lower in the organic solvents than in pure water.
Waterlike SASA values were nevertheless obtained in methanol
at all aw. The total SASA was consistently higher than that of
the crystal structure (1TCA), except for hexane at low aw
(H43).
The SASA of hydrophobic and hydrophilic residues were as
well evaluated for each system (data not shown). For methanol,
neither the hydrophobic or hydrophilic SASA correlated with
water activity. For tert-butyl alcohol and MTBE, both the
hydrophilic and hydrophobic SASA increased with increasing
aw with approximately equal slopes. In hexane, a similar trend
was observed although the hydrophilic SASA increased twice as
fast with increasing aw as the hydrophobic. Generally, the
hydrophobic SASA exceeded that of the crystal structure
(1TCA). For H43, the hydrophilic SASA was 6500 ± 90 Å2,
which is substantially lower than the corresponding value for
the crystal structure, 6980 Å2.62 In all other systems, the
hydrophilic SASA was at least as large as the crystal structure
value. This demonstrates that, particularly in hexane, there was
a tendency for the hydrophilic surface area to be reduced as the
water activity decreased. This accounts for the low total SASA
and accordingly for the high rmsd values seen in hexane at low
aw (Figure 9 and Figure 10).
3.5. CALB Flexibility. The flexibility of CALB was assessed
by calculating the B-factor of each Cα atom. The B-factor
profiles were in qualitative agreement with crystal structure data
for CALB62,89 and simulation results of Trodler and Pleiss and
Skjøt and co-workers.40,90 Representative profiles are given in
Figure S4 (Supporting Information).
The overall flexibility of CALB was characterized by
averaging B-factors over all Cα atoms excluding the N- and
C-termini (residues 1−20 and 308−317) (Figure 11). The
average B-factor generally increased with increasing water
activity and approached the corresponding value of pure water
at high aw. In methanol most of the increase occurred when aw
exceeded 0.6, while in MTBE and hexane, most of the increase
took place just as aw approached 1. Water clusters at the surface
Figure 8. Image of CALB based on crystal structure (1TCA),62
generated by VMD.63 Marked regions are composed of residues 23−
32, 138−152 (including helix α5), 243−267, and 268−287 (including
helix α10). The location of the active site serine (Ser105) is indicated
by a van der Waals sphere.
Figure 9. Average rmsd from crystal structure (1TCA) vs water
activity in methanol (+), tert-butyl alcohol (×), MTBE (□), and
hexane (△). Residues 1−20 (N-terminal) and 308−317 (C-terminal)
were omitted from all rmsd calculations. Standard error estimates were
based on three replica simulations which were started from different
initial velocities. Error bar limits for the average rmsd in pure water are
marked by horizontal lines.
Figure 10. Average total SASA of CALB vs water activity in methanol
(+), tert-butyl alcohol (×), MTBE (□), and hexane (△). Standard
error estimates were based on three replica simulations which were
started from different initial velocities. Error bar limits for the average
SASA in pure water are marked by horizontal black lines, and the
SASA of the crystal structure62 (1TCA) is marked with a horizontal
dotted line.
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of CALB were also seen to percolate at these activities (Figure
5). In these solvents, the flexibility was approximately constant
at lower water activities. A possible interpretation is that single
water molecules at the surface have limited effects on the
flexibility and that it is first when clusters containing several
water molecules are formed that the lubricating effect emerges.
In tert-butyl alcohol, the average B-factor increased significantly
with increasing aw, also when aw was below 0.4 (Figure 11).
This may be related to the exceptionally slow dynamics of tert-
butyl alcohol molecules around CALB at low water activities
(Figure 7).
These results are consistent with simulation studies of
cutinase35 and Trypanosoma cruzi triosephosphate isomerase38
in which flexibility increased with increasing hydration and with
previous finding that the flexibility depends on the organic
solvent.40 The role of the solvent for modulating flexibility
seems, however, to be more complex than that of merely being
a medium more or less able to dissolve the water layer around
the protein. It is here demonstrated that the overall flexibility of
CALB is different in different solvents, even if compared at
similar water activities. Important for the flexibility is that the
organic solvent molecules modulate the dynamical behavior of
the water molecules bound to the protein. Rapidly exchanged
water molecules promote protein flexibility while slowly
exchanged water molecules counteract it, as suggested by
Trodler and Pleiss.40 The fraction and residence time of slowly
exchanged water molecules is respectively larger and longer in
hexane, MTBE, and tert-butyl alcohol than in methanol. This
corresponds well with the lower flexibility observed in the three
former solvents. The exceptionally low flexibility of CALB in
tert-butyl alcohol may be due to the slow dynamics of tert-butyl
alcohol molecules around the surface, which seems to be caused
by the high viscosity of this solvent.
4. CONCLUSION
MD simulations of CALB in pure water and the organic
solvents methanol, tert-butyl alcohol, MTBE, and hexane at
several water activities have been performed. The bulk water
activity was evaluated by determining the concentration of
water in bulk and using activity coefficients obtained from free
energy perturbation and from binary water/organic solvent
simulations analyzed by Kirkwood−Buff theory.
At similar water activity, the number of water molecules in
the first solvation shell, i.e., the hydration level, was
approximately the same in the four solvents although
differences were observed at low and high activity. Analysis of
the water clusters on the surface of CALB showed that at low
aw, water molecules bind to the surface individually or in small
clusters. At aw ≈ 0.4−0.5, water molecules bind to existing
water clusters leading to percolation of water clusters with
increasing water activity. Calculation of residence times of
water molecules at individual protein residues revealed that
hydration water molecules became more volatile with
increasing water activity and with increasing solvent polarity.
Structural and dynamical properties of CALB such as rmsd,
SASA, and B-factors were sensitive to the water activity.
Changing the water activity had different impacts in the
different solvents. The average total rmsd from the crystal
structure had a U-shaped dependence on the water activity in
MTBE and hexane but increased monotonically with increasing
water activity in tert-butyl alcohol and methanol. The SASA of
CALB increased with increasing water activity, and at similar
activities, it increased with solvent polarity. The overall
flexibility of CALB increased as well with increasing water
activity. At similar activities, the flexibility increased with
increasing solvent polarity, with the exception that the lowest
flexibility was observed in tert-butyl alcohol. This could possibly
be attributed to the presence of more immobile water
molecules at the CALB surface in the nonpolar solvents, and
the relatively long residence times at the CALB surface for tert-
butyl alcohol molecules.
While not yet realistic today, gains in understanding the
hydration process may form the basis of studies aiming at
improvements of not only enzyme activity but also stability. In
practice stability is as much of concern as activity. If
correlations between water cluster distributions and enzyme
stability can be determined, this could suggest possible
mutations on the protein surface to optimize protein stability.
The challenge for protein engineering is to suggest the right
mutations that increase stability and do not affect enzyme
activity/selectivity. As we have shown here, the dynamical
properties of the surface water not only depend on the water
activity but also on the nature of the organic solvent suggesting
that solvent selection may impact enzyme stability in addition
to activity and reaction equilibria. This study is the first attempt
to gain an understanding of the differences in microscopic
hydration effects of organic solvent at similar water activities.
Further studies in that direction could be used to create a
database that compiles solvent effects on enzyme activity/
stability.
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(85) Schröder, C.; Rudas, T.; Boresch, S.; Steinhauser, O. J. Chem.
Phys. 2006, 124, 234907−1−18.
(86) Sirotkin, V. A. Biochim. Biophys. Acta 2005, 1750, 17−29.
(87) Makarov, V. A.; Andrews, B. K.; Smith, P. E.; Pettitt, B. M.
Biophys. J. 2000, 79, 2966−2974.
(88) DIPPR® Project No. 801 Database. http://dippr.byu.edu/,
2011.
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